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We have developed a light scattering technique that can be 
used to analyze the orientation and diameter of collagen 
fibers in histologic sections of connective tissue. Scattering 
patterns obtained by transmitting laser light through sections 
of tissue contain information both on the orientation, degree 
of alignme nt, and size of the constituent collagen fibers. 
Analysis of the azimuthal intensity distribution of scattered 
light yields numerical values of the degree of alignment by 
use of an orientation index, S, which is chosen to vary be-
tween 0 for randomly oriented fibers and 1 for a perfectly 
T he diameter of coll agen fiber bundles in connective tissue is egual to roug h ly between 10 and 50 times the wavelength of visible light, or roughly between 5 and 30/1m [1]. For this reason, collagen fiber bundles sca tter li ght at small angles, rough ly between 1 0 and 
60 [2]. Li ght scattered from histol og ic sections of dermis produces a 
scatterin g pattern that contains information on the alignment and 
th e size of the constituent fibers. These patterns, wh ich ca n be 
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Abbreviations: 
A: distance between central axes of two slits 
a: angle between a fiber and the mean fiber axis 
AP J.: plane perpendicular to animal 's anterior-posterior axis (trans-
verse section) 
APII : plane parallel to animal's anterior-posterior ax is and at right 
angles to epidermal plane 
/1: azimuthal angle measured from the point of peak intensity 
<cos2a >: square cosine of a averaged over all the fibers 
d: average fiber diameter 
Ell: plane parallel to epidermal plane 
1(/1): intensity expressed as fun ction of /1 
1(0): intensity expressed as function of 0 
10: intensity at ze ro angle 
A: wavelength of laser light 
N(a) : number of fibers at angle a 
S: orientation index 
0: scattering angle 
0, : scattering angle at which intensity reaches first minimum 
w: single slit width 
aligned arrangement. The average diameter of the collagen 
fib ers is ca lculated from the scattering angle at which the 
inte nsity reaches its first minimum. These m easurements are 
independent of the n ature of histolog ic stain. The procedure 
is illustrated by m easurements obtained with sections of the 
guinea pig dermis and of control scar. W e conclude from our 
experiments that li ght scattering can comple m ent the analy-
sis of tissue architecture typica ll y performed with the light 
microscope. ] [nlles t D ermatol 100:710 - 716, 1993 
viewed directly by transmission, are simple to interpret and can be 
used to eva luate read ily th e average morphologic features of the 
tissue. W e have develo ped a li ght scattering method capable of 
analyz ing connective ti ssue and have used it to study dermal and 
oth er tissues [3,4J . 
The procedure is illustrated most simply by use of a conventional 
histologic section (approximately 411m in thickness) of scarred 
guinea pig skin adjacent to intact dermis. When the light passes 
throu gh the dermis the scattering pattern is characteristically ellip-
tica l in appearance (see Fig 1). By contrast, transmission of the beam 
from the region of scar yields an elongated pattern, indicative of 
greater alignment of fibers. The difference in the two scattering 
patterns can be used to obtain a numerical measure of the difference 
in degree of alignment between the two tissues. 
Scattering of li ght from collagen fibers in a histologic section of 
the dermis can be modeled in a manner :lI1alogous to scattering from 
a collection of very narrow, long slits. Each fiber, acting as a narrow 
sl it, sca tters ligh t primarily along an angle perpendicular to its orien-
tation. Scar ti ssue, which consists characteristically of uniaxially 
oriented fibers [5]. scatters li ght primarily in a direction perpendicu-
lar to the fibers. Deviations from perfect alignment of fibers appear 
as deviations from a straight line in the scattering pattern. The 
scatterin g pattern is nearly circul ar for sections of normal dermis, 
which consists of coll agen fibers nearly random in their orientation 
[6J. By measurin g the intensity o f scattered light alo ng the azi-
muthal direction th ese principals can be used to calculate the aver-
age degree of ali gnment of th e fibers. The intensity along the scat-
terin g angle can be Ll sed to es timate the mean diameter of the fibers. 
There are numerous exampl es in the literature where light scat-
terin g has bee n applied success fully to biologic systems to study 
morpholo gic features of fibers in the 1- 100 /1m range [7 - 18J. 
Several workers have Llsed optical diffrac tion to study muscle fiber 
spacin g and size [7,8]. Others have measured th e length, diameter, 
and co ncentration of respirable fibers in th e lung [9,10]. Wilkes and 
co-workers [11] scattered light from stretched and unstretched dia-
phragm tissue of dogs and concluded from their preliminary stud ie-
th at anisotropic "super-rod" structures (observed previously in cast 
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F' re 1. A laser can extract information from a histologic slide. When a 
llS~ beam is passed through a histologic section of ti~sue, the constituent 
fib s act as slits diffract1l1g hght 111 directions perpendicular to the on enta-
. er of the fibers . By pass ing a laser beam through a section of tissue, the 
[\O~tering pattern can immediately be used to determine the preferred align-
sea t direction of the fibers, to measure the degree of alignment of the fibers, indo to measure the diameter of the fibers. As the laser beam (depicted by 
aI! des) was passed through the section shown here the corresponding pat-
M shown were obtained. The patterns reflect the orientation and size of 
cerns 
,he fibers in the tissue. 
fi lms of synthetic polypeptides) also exist ill villo. Bettelbeim and 
J3:llazs [12,13] studied the vitreous humor of cow and rabbit eyes 
and found evidence for a well-aligned geometrical orientation with 
repeating distances of about 90 !lIn; these results were used to con-
clude that fibrils in the vitreous humor form bundles and mem-
branes, and that fibrous sheets exist throughout the entire centra l 
ore of the vitreous gel. Benedek et at [14] used light scattering to 
~rudy the quasiperiodic lattice of lens cells and found a relationship 
between the spatial variationin li gh~ intensi~ and the structure of 
the scattering elements assoCIated WIth opaCIfication. Other applt-
o tions to biologic materials have involved scattering from native 
cellulose [15,16] :lnd reconstituted collagen [17,18] . 
The method of analyzing a section of tissue using light scattering 
chat we present here complements the conventional analysis per-
formed using a light microscope. A scattering pattern can be ana-
lyzed quickly to . render information - both qualitative and 
quantitative-that IS not obvIOUS to the human eye. ",!e demon-
strate in th is article the use of our method for the analYSIS of dermal 
[issue, and present preliminary results indicating that light scatter-
ing can be applied to study a wide variety of tissues and structutes. 
CALCULATION OF FIBER ORIENTATION 
AND DIAMETER 
The problem of calculating the orientation and scattering size from 
a scattering pattern has been addressed widely in the literature 
\2,19]. We have adapted a two-dimensional analogue of the Her-
mans orientation index [20] prevIOusly Llsed co specify the degree of 
orientation in a polymer from x-ray scattering data [21]. Fiber size is 
calculated by assuming that the fibers in a thin section call be mod-
eled as two-dimensional slits. Using Fraunhofer diffraction theory 
[22], we have estimated the d!ameter of the fibers by l1:easuring the 
scattering angle at whIch the Il1tenslty of bght reaches Its first mini-
mum. 
Orientation The orientation of the mean fiber axis is perpendicu-
lar to the axis of the scattering pattern, i.e., perpendicular to the 
direction where the intensity reaches a peak along the azimuthal 
angle. 
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The degree of alignment is defined by an orientation index, S, 
that has an upper limit indicative of perfect orientation along a 
given axis and a lower limit corresponding co an ideally random 
orientation. A particularly useful definition for S is 
S = 2 < cos2a > - 1, (1 ) 
where a is the angle between an individual fiber and the mean axis 
of the fibers, and < cos2a > denotes the square cosine of a averaged 
over all the fibers in the sample. Because <cos2a> equals 1/2 for a 
random arrangement of fibers and 1 for a perfectly aligned arrange-
ment, S conveniently varies from 0 to 1, respectively . 
. The final expression for S (see Appel1dix A for derivation) used to 
calculate the orientation index from experimental data is 
1"/\ (jJ) cos2jJ djJ 
S = 2 0 - 1 (2) 
inl\(jJ) djJ . 
Fiber Diameter One method by which to calculate fiber diame-
ter is to approximate the scattering due to fibers as diffraction from a 
randomly spaced coll ection of slits with a non-random orientation 
distribution. Althou gh this model is an over-simplification, more 
exact solutIOns have ptoved difficult to apply in practice [23]. 
Fiber diameter as well as the effect of the spacing between the 
fibers can be understood from the results for diffraction from one slit 
as well as from two or m.ore equally spaced slits [22]. This is dis-
cussed in more detail in Appendix B. We have used the equation for a 
single slit as a good approximation to the value of the average fiber 
diameter d, 
Ie d = --
sin el ' 
[3] 
Here ;[ is the wavelength of light and 81 is the scattering angle at 
which the intensity reaches its first minimum; the scattering angle is 
measured at a fixed jJ such that I(jJ) is at its maximum. 
MATERIALS AND METHODS 
T he general set-up for our studies is represented schematically in 
Fig 2. A histologic section is prepared from a transverse cut of a 
linear scar, or along any other plane of interest. Our definition of the 
animal axes and sectional planes is described below. The laser beam 
is passed through the tissue section and the scattering pattern ob-
served either upon reflection or, preferably, upon transmission of 
the beam. 
Light Scattering The optical track consisted of a laser, a spatial 
filter, a mounting stage to hold histologic slides, and, at the end of 
the track, either a holder for photographic film with a shutter or a 
detector as described below [4]. 
A He-Ne laser (0 .9 mW, 633 nm, Spectra Physics, Mountain 
View, CA) was chosen with sufficiently low power to ensure that 
no damage was occurring to tissue. The spatial filter was con-
structed using two convex lenses of different focal lengths and a 
100-,um pinhole to produce a Gaussian beam of suitable diameter. 
Beam diameter was defined to include 95% of the beam's intensity. 
Histologic samples were mounted on a stage allowing translation in 
directions perpendicular to the beam axis. A plate with a 3-l11m 
diameter hole was placed directly in front of the histologic slide to 
eliminate multiple reflection spots. Scattering patterns were 
recorded directly onto instant film (Type 52, Polaroid , Cambndge, 
MA). 
The intensity of the scattered light was me;\sured with a si licon 
photodiode (0.81 111m2 active area, ca talog #SGD-040B, EG&G, 
Billerica, MA) mounted on a stage c;\pable of recording either scat-
tering angle 8 or rotation angle jJ. The input voltage nOise level of 
the detector was roughl y 0.3 ,uv; typical signal-to-noise ratios were 
103 or higher. Plots of I(jJ) and I(8) were obtaIl1ed uSl11g an X-Y 
plotter with the amplified phorodiode output plotted on the y-axIs 
and either fJ or 8 recorded on the x-axis. 
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Figure 2. Light scattering from a histologic section. The laser beam passes 
through a histologic section that is represented here as a sl ice of tissue 
perpendicular to the long axis of the healing wound. The resulting pattern is 
viewed on the photographic plane and has associated with it the characteris-
tic scattering angle 0 and the azimuthal (or rotation) angle p. The intensity 
can be measured along either one of these angles, such as by fixing 0 and 
varying P to obtain I(P) , or by fi xing p and varying 0 to obtain 1(0) . I(P) 
contains information on the orientation of constituent fibers whereas 1(0) 
contains information on their size. The animal planes AP -'-, APII , and Ell are 
shown here to correspond to sections cut perpendicular to the anterior-pos-
terior axis, along the axis, and parallel to the epidermal plane, respectively. 
Speck le (modul ations in intensity due to sel f- interference of the 
laser beam) were found to interfere with calculation of the orienta-
tion index if the beam diameter was too small. At very small beam 
diameters (d < 100 /lm) speckle became so large that the modu la-
tions in intensity precluded the calculation of S. For large beam 
diameters (d > 1 mm) the beam averaged over an area with dimen-
sions larger than the w idth of the tissue sample and therefore tended 
to include more than one type of tissue in the measurement; the 
value of S at these large beam diameters was no longer a reliable 
measure of a tissue type. For beam diameters between these ex-
tremes the speckle size was small compared to the size of the scatter-
ing pattern, making I(P) curves less noisy and S easier to calculate. 
T he orientation index was independent of beam diameter, within 
the error of the measurement, as long as the beam was kept within 
the range 100 /lm to 1 mm. 
We also found that I(P) plots could be taken at a range of scatter-
ing angles 0 without affecting significantly the value of S. W e 
calculated S from I(P) curves obtained at a range of 0 values and 
found that, again within the error of our measurement, there was no 
change in S as long as 0 was kept between 1 0 and 6 0 • 
Due to the symmetry of scattering from fibers, there are four 
regions on a scattering pattern for which Eq. (2) can be solved to 
give the orientation index S. These four regions are from 1) P = 0 to 
n/2, 2) P = 0 to -n/2, 3) P = n to 3n/2, and 4) /J'= n to n/2. The S 
va lue for an individual scattering pattern was the average of the 
indices calcul ated for each of these four regions. 
For fiber diameter measurements, the beam diameter was kept 
greater than 250 /lm to reduce the error introduced by speckle. The 
scattering angle 01 at which the intensity reached a minimum was 
obtained from 1(0) plots and checked against the value obtained 
directly from a photograph of the scattering pattern. In practice, a 
minimum in 1(0) was not always present. This can be seen in Fig 3, 
w hich shows typical 1(0) plots for normal dermis and scar. 1(0) 
decreases until a point, after which it maintains a steady value. In 
o 
...0 
o 
en 
C 
<l> 
C 
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Figure 3. 1(0) scattering intensity. The intensity as a function of the scatter-
ing angle 0 decreases rapidly with increasing O. The value where the curve 
reaches its first minima can be used to approximate the average fiber diame-
ter using Eg. (3). In practice a minima is not always obtained but is taken as 
the angle where the curve first levels off. 
these cases, 01 was approximated as the angle at which the intensity 
began to level off. Scattering angles obtained in this way directly 
from 1(0) plots were well correlated with values obtained from 
photographs. To evaluate the method, mean fiber diameter was also 
measured directly from photomicrographs in the same area mea-
sured with the laser beam. 
Tissue Specimens Samples of normal dermis were obtained 
from the dorsum of 20 white, female Hartley guinea pigs. Scar 
tissue was produced in seven such guinea pigs by excising from the 
dorsum a 1.5 X 3.0 cm2 area down to but not including the pannicu-
lus carnosus, treating the wounds with Xeroform gauze, and wait-
ing from 6 to 18 months for completion of wound healing. 
Tissue specimens were stored in 10% buffered formalin for a 
minimum of 24 h , bathed in increasin g concentrations of alcohol, 
embedded in paraffin, sectioned, and then stained using standard 
histopathologic technique. Specimens were stained with either one 
of a number of histologic stains, although staining was found to 
have little if no effect on the results. In one of our studies. morpho-
logica lly equivalent sampl es w ere obtained by serial sectioning to 
compare the effect of different stains on scattering. Examples of 
stains used are Mayer'S alum hematoxylin counterstained with 
eosin, Masson's Trichrome, periodic acid-Schiff, and Verhoeff van 
Geison stain. 
Thickness of the sections was approximately 4 /lm. As long as the 
thickness of the sections was kept less than the diameter of the 
fibers, multiple scattering did not occur and the results could be 
presumed to be independent of thickness (see Appendix A). 
As shown in Fig 2, sections perpendicular to the epidermal plane 
were cut along both a plane perpendicular to the animal's anterior-
posterior axis and along a plane parallel to the anterior-posterior 
axis, referred to as AP.l sections and APII sections, respectively. Re-
sults for sections parallel to the epidermal plane, Ell' are not reported 
in this article due to difficulties in obtaining consistent, parallel 
sections. 
RESULTS 
C haracteristic scattering patterns obtained from AP.l sections of 
normal dermis and scar are shown in Fig 4. The corresponding I (P) 
curves for th e scattering patterns depicted in Fig 4 are shown in Figs 
5 and 6, and are typical of patterns we have seen with each tissue. 
Both the shape of the scattering patterns as well as the plotted 
intensities refl ect what is clear from the histologic tissue section: 
scar ti ssue is highly oriented whereas normal dermis is not. The plot 
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Figure 4. Normal dermis versus scar.. The scattering patterns for normal 
dermis (bottolll lift) and scar (bottolll "ght) taken from the correspond1l1g 
rericular dermis region (lOp left) and s~ar region (lOp righl) depicted here 
reflect the inherent ahgnment of fibers 111 the tlssue. In the retIcular dermIS, 
shown here with cross· sections of cwo hair follicles, the fiber bundles arc 
thicker and more randomly oriented than in scar; fiber bundle cross.- se.ctio~l S 
evident in the normal dermIS tIssue sectIon are from fibers pOlnt1l1g 111 
directions other than in the plane of the tissue section. In scar, the fibers are 
aligned across the wound and are therefore, in this AP 1. cut (see Fig 2), 
al igned within the p!ane. of the tissue section. Plots of 1(13) obtained from 
these ti ssues, shown 1Il FIgs 5 and 6, can be used to calculate the degree of 
alignment of the fibers . 
for normal dermis, and to a lesser degree its corresponding scatter-
jng pattern, i?dicates that norma l .derm~s mai~t.ains a slight degr~e 
of alignment 111 the plane of the epidermis. ThiS IS supported quanti-
tatively by the orientation indices for dermis, which are low though 
greater than zero (see Table I) . Scar is preferentially oriented along 
1/1 
~ 
c: Normal Dermis 
:I 
>-
• 0 
• ~
Q 
~ 
0 
..... 
>-
~ 
1/1 
c: 
III 
.. 
c: 
Azimuthal 
Figure 5. Typical scattering curve for normal dermis: In a ~pical ~lot at 
intensity versus azimuthal angle 13 for normal gUinea pIg dermIS, the 1I1ten-
licy is not a strong functi?n of /3; this indicates a nearly random arrangement 
of6be rs in the tissue seCtlon. The IntensIty peaks shghtly at 0 and 1C, suggest-
ing that there is a slight alignment of the fibers perpendicular to these angles. 
Because 0 and 11: are measured above and below the tissue section, the slight 
alignment is in a direction perpendicular to the epidermal plane. The plot 
Ihown here corresyonds to the scattering pattern for normal dermis shown 
in Fig 4, bottom lejt. 
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Figure 6. T ypical scattering curve for dermal scar. As opposed to the graph 
shown in Fig 5, th e intensity is a strong function of pwhen obtained from a 
typical scar. The strong peaks, which occur at 0 and 1C, indicate a strong 
preferential alignment of the fibers in a direction perpendicular to these 
ang les. Because 0 and 1C are measured above and below the tissue section, the 
strong alignment is in a direction perpendicular to the epidermal plane. The 
plot shown here corresponds to the scattering pattern for scar shown in Fig 4, 
00110111 right. 
the AP 1. pl ane, the direction transverse to the linear scar, with an 
orientation index much closer to one. 
The differences between scar and normal dermis are statistically 
significant when compared using a Student t test, both for the AP 1. 
orientation index (p < 0.00001) as well as for the average diameter 
of the constituent fibers (p < 0.01). 
There is no significant difference between scar and dermis along 
the APII plane (p > 0.25), although the difference between the APII 
and AP 1. orientation indices for normal dermis are significant 
(0.025 < P < 0.05). 
The fiber diameters obtained by light scattering, as estimated 
using Eq. (3), correlate well with values obtained directly by light 
microscopy (p > 0.25). 
We measured S in three differently stained, successive sections 
(the first stained with Weigert, the second with Verhoeff van Gei-
son, and the third with periodic acid-Schiff stain) of both scar tissue 
and norma l dennis for the purpose of testing whether the light-
scatterin g m ethod was sensitive to stain. We found that there was 
no difference in the va lue of S, when S was calculated for corre-
sponding regions in the differently stained sections. In addition, we 
found that information can be obtained even on unstained sections, 
a lth ou gh on ly stained sections were used for the results reported in 
this paper. The independence of the scattering on stain is not sur-
prising because light is scattered by differences in the index of re-
fraction and not by the color of the medium. 
DISCUSSION 
The microstructure of the normal dermis has been described by 
several authors to consist of collagen fibers that, although inter-
woven randomly, are oriented in the plane of the skin [24-28J: The 
dermis, which is subdivided into the thin papillary layer, th~ meer-
mediate dermis, and the thicker reticular dennis, is different m both 
its organization and average collagen fiber bundle size within e~ch 
of these layers [29J, although differences between the 1I1termed.late 
and reticular layers are not always distinct. Measured on the reticu-
lar dermis, our result gives strong confirmation that the coll.agen 
fiber bundles are partialIy oriented along the epidermal p~ane wlthm 
this layer and provides a quantitative estimate of the deViation from 
ideal randomness. 
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Table I. Orientation Index and Fiber Diameter of Normal Dermis and Scar 
Orientation Index, S Fiber Diameter, d 
Tissue APJ. Light Scattering Microscopy 
Normal Dermis 
Scar 
0.20 ± 0.11 
0.75±0.10 
0.13 ± 0.05 
0.18 ± 0.08 
20 ± 711m 
13 ± 511m 
26 ± 13l1m 
11 ± 811m 
Table II. Orientation Indices for Differently Stained Sections 
Local S Values 
Stain Site 1 Site 2 Site 3 Site 4 
Weigert 0.34 ± 0.08 0.23 ± 0.06 0.83 ± 0.07 0.88 ± 0.02 
Verhoeff van Geison 
Periodic acid-Schiff 
0.20 ± 0.11 0.20 ± 0.08 0.84 ± 0.04 0.82 ± 0.07 
0.28 ± 0.08 0.30 ± 0.11 0.83 ± 0.05 0.88 ± 0.03 
We found differences in the AP 1. and APII values for the normal 
dermis suggesting that there might be a preferred, albeit slight, 
alignment direction between these two axes. Several of our values 
obtained for normal dermis were obtained from sections that were 
located within approximately 0.5 - 1 cm of a wound edge. It is possi-
ble, then, that the forces encountered by the dermis during wound 
healing partially oriented the fibers in a direction of stress. Because 
the wound contracted in a direction perpendicular to the AP axis, 
we would expect the effect of stress lines to show up in the AP.J.. 
sections and not in the APII sections. We studied normal dermis in 
animals that had not previously been wounded and found no differ-
ence between AP.J.. and AP II sections. Stresses due to contraction of 
nearby wounds could th erefore explain the observed difference in 
our results between the orientation indices for the AP.J.. and AP II 
planar cuts in the normal dermis. 
The scattering pattern will change if th e skin biopsy or the histo-
logic section are cut at an angle to the optimal AP.J.. and APII planar 
cuts, depending on the degree of alignment that exists in the mate-
rial. For scar, the orientation index will decrease very slightly at 
small deviations from the ideal cut, more rapidly at large deviations, 
as the cross-sections of the cylindrical fibers move from the ex-
tremes of highly extended ellipses to circles. In the case of normal 
dermis, because the fibers are nearly randomly oriented to begin 
with, the effect of cutting at an angle will be small. 
Our light-scattering estimate of the average fiber diameter in the 
reticular dermis was similar to that obtained by microscopy. Part of 
the difference in the values could be attributed to differences in the 
way each method produces the mean. As mentioned previously, the 
derivations of fiber diameter relies on a simplistic model. The values 
obtained by this mode l therefore must be viewed as an estimate of 
the true mean diameter. 
The limitation in our current technique to beam diameters 
greater than about 100 11m prevented measurement of fiber size in 
the papillary dermis. It is possible that with proper control of the 
beam diameter subtle transitions in organization and fiber size be-
twee n different regions, such as between th e intermediate and retic-
ular dermis, can be mapped out. The smallest resolution we have 
achieved is approximately 50 11m, although smaller resolutions are 
possible provided that the effects of spcckle discussed previously can 
be overcome. 
The orientation indices for linear scar in guinea pigs provide 
quantitative support to th e notion that fibers are strongly aligned 
across a healed wound. Fibers have long been known to align across 
the wound [30], and this alignment can be understood as a direct 
result of the normal repair process. Fibroblasts that migrate into the 
wound and contract align themselves along the direction of maxi-
mum stress [31]. These cells, which layout their collagen in a 
direction parallel to their orientation [32], give rise to a collagen 
network highly aligned along the stress lines. Inasmuch as cells 
mediate the effect of external forces on production of a fibrous 
architecture, the fibrous architecture can be viewed as an imprint of 
both the cellular processes involved in repair as wel l as the stresses 
that affect th ese processes . Orientation and fiber diameter could 
serve as indicators of the quality of this repair process. 
In certain human scars fibers can in fact orient themselves 
vertica lly- perpendicu lar to the epidermal plane -such as follow-
ing chronic rubbing (lichen simplex chronicus) and in certain moles 
(dysplastic me lanocytic nevi),* although the regions where this 
occurs mi ght be too small to study with light scattering. These 
peculiar scars, along with hypertrophic scars and keloids that have 
th eir own unique orientations of fibers [30], are candidates for test-
ing both th e possibi l ities as wel l as the I imitations oflight scattering. 
Some authors have explained the aging of human skin by a de-
crease in the elasticity of the elastic fiber network with a subsequent 
decrease in the tortuosity of the collagen fiber bund les [33,34]. We 
have shown that the waviness or tortuosity of the fibers can be 
mcasured using some simple mathematical models [4]. Light scat-
tering can be used to quantify a decrease in tortuosity with age, if 
such a decrease in fact occurs. 
Holbrook and Byers [35] have described skin as a window to 
heritable disorders of connective tissue. Changes in collagen fiber 
orientation as a result of inherited disorders are limited. Such ill-
nesses as Ehlers-Danlos syndrome, osteogenesis imperfecta, Marfan 
syndrome, and cutis laxa, although not suspected of showing 
changes in fiber orientation or diameter, are worth investigating 
given the simplicity of the light-scattering technique. Other dis-
eases, such as morphea, scleroderma, and chronic graft-versus-host 
disease are often difficult to diagnose, but are characterized by en-
largement of fibers as well as changes in orientation of the fibers and 
might prove more suited to measurement w ith this technique [33]. 
From a medical standpoint, the study of collagen fiber orientation 
and size in tissue can serve two purposes. By describing the micro-
structure through two simple parameters - the orientation index S 
and fiber diameter d - the diagnosis of gross abnormalities could be 
simplified because many connective tissue diseases are characterized 
by irrc:.gularities in the architecture of the tissue. Secondly, the study 
of changes in these parameters might lead to insights into the cellu-
lar processes that lead to repair and, possibly, regeneration of tissue. 
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APPENDIX A 
Derivation of the Orientation Index If N(a) represents the 
number of fibers at the angle a, t then < cos2a > can be expressed in 
terms of N(a) by the weighted integral [21] 
12n N(a)cos2a da 
< cos2a > = 0 (A1) i 2nN(a)da 
If we assume 1) that the fibers, or portions thereof, act as indepen-
dent rod scatterers, i.e., there are no phase relationships among the 
scattered ampht.udes for different scatterers, and 2) that there is no 
multiple scattenng (which should be valid for the 4-JLm-thick his-
t?logic sections u.sed in the experiments), then the scattered inten-
sity at any POlllt IS the sum of the intensities due to the individual 
scatterers . If, in addition, the distribution N(a) is not a function of 
fiber diameter, then the intensity I(PJ)) can be expressed as 
I(P,8) = N(a) 1(8), (A2) 
where 1~8) is the intensity as a function of the scattering angle 8 at a 
fixed a~lmutha l angle p. The intensity, then, when plotted at a fixed 
scattenng ang l ~ 8, IS proportional to the angular distribution of 
fibers about their mean fiber axis. 
1(8) for an individual scatterer is not normally known, although it 
can be calcu lated for ideal types of scatterers; the scattering from a 
r?d, for example, is .given by Rhodes and Stein [23]. For the calcula-
tIOn of the onentatlon, however, knowledge of 1(8) is not needed. 
The measurement of I(fJ) must be performed at an angle 8 such that 
1(8) =1= 0. Under such conditions, it can be seen from Eq. (3) that the 
a.zimutha l.intensity distribution I(fJ) is proportional to the distribu-
tion function N(a) . For scattering angles where 1(8) =1= 0, we can 
therefore substitute I(fJ) = constant * N(a) into Eq . (2) above. In 
amending the variables of integration it must be noted that P = 
t N(a) is a complete description of the distribution of fibers about the 
angle a. Knowled ge of N(a) is sufficient for obtaining a value of S. A 
one-to-one correspondence between the valucs of the orientation index S 
and the angular distribution function N(a) does not exist because S does ~ot 
ul11quely specify a distribution function N(a). In fact, there eXist an 1I1fil11te 
numbcr of distribution functions for each value ofthc orientation index. (For 
S to completely spccify the orientation, S would have to be expressed as an 
infinite sum, i.e., by an expansion such as S = k:_o An < cosn a >, where 
the An coefficients serve to describe the orientation.) Despite the lack of a 
one-to-one correspondence between Sand N(a), the orientation index S 
conveniently describes the degree of orientation all in terms of a slllgie 
numerical va lue. 
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90 ° - a; this is true because the scattering from a rod is extended in 
a direction perpendicular to the length of the rod [19]. Amending 
the variables of integration in this way gives 
(1r/\(p) cos2p dP 
<cos2a> = )p-o (A3) 
(1r/\(p) dP . 
)p-o 
T he limits of integration need go only from 0 to n/2 because of the 
symmetry of scattering from rods, i.e., all of the orientation infor-
mation is contained in a 90° arc beginning at P = 0 °. Combining 
Eqs. (1) and (A3) we can write th e equation used to calculate the 
orientation index from the experimental data: 
f /\ (p) cos2p dP 
S = 2 0 - 1 (A4) 
L 1r/\ (p) dP . 
APPENDIX B 
Fiber Diameter The Fraunhofer diffraction from a single slit of 
finite width w is given by [22] 
1(8) = 10 ( Si: a r (B1) 
where I is measured along the scattering angle 8 on the film plane in 
a direction perpendicular to the direction of the width of the slit, 10 
is the intensity at 8 = 0 0, and a is given by 
nw . 8 
a = TSll1 . (B2) 
The first ill tensity minimum in the scattering occurs when sin a = 
0, so that the width of the slit can be calculated using the equation 
A 
w=--
sin 81 ' 
(B3) 
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where 81 is the value of 8 where I reaches its first zero . In oriented 
samples the intensity must be measured along the long axis in the 
scattering pattern for 81 to correspond to the width of the fibers. 
[The long axis is more precisely defined as the 8 direction at fixed 
az imuthal angle P such that I(p) is a maximum.] 
For two slits of width w separated by a distance A (as measured 
from their central axes), th e Fraunhofer theory gives an intensity 
distribution of th e form [22] 
where X is given by 
(
sin a) 2 1(8) = 10 -a- cos2X, 
nA 
X=Tsin 8. 
(B4) 
(BS) 
The scattering appears as fringes spaced with a period approxi-
mately equal to 1/2A but modulated by the contribution from the 
scattering from a single slit. For the case where the fibers are sepa-
rated by a distance significantly greater than the fiber width then, at 
angles comparable to l /w, the variations in intensity are a result of 
fiber w idth . For the case where the fiber separation is comparable to 
fiber width (A/w = 1) the intensity variations due to fiber width 
and fiber separation are approximately equal; the two contributions 
become difficult to separate. In this case a measurement using Eq. 
(B3) is a measurement of the average of both fiber diameter and 
separation. 
In connective tissues rarely are the fibers equal in their diameter. 
Rather, there will be a spread of values and the intensity will not 
come to zero at an angle 81 as predicted by the theory. In practice the 
intensity reaches a minimum as long as fiber diameters are distrib-
uted about a relatively narrow distribution; fibers with diameters 
about the mean prevent the intensity from actually reaching zero. 
The value of 81 at the first minima can be used to estimate the mean 
fiber diameter. 
